Abstract-Urokinase-type plasminogen activator (UPA), particularly when bound to its receptor (UPAR), is thought to play a major role in local proteolytic processes, thus facilitating cell migration as may occur during angiogenesis, neointima and atherosclerotic plaque formation, and tumor cell invasion. To facilitate understanding of the need and function of the UPA/UPAR interaction in cell migration and vascular remodeling, we changed several amino acid residues in UPA so as to interfere with its interaction with its receptor. The receptor-binding domain of UPA has been localized to a region in the growth factor domain between residues 20 and 32. Since the binding of UPA to UPAR appears to be species specific, we used the differences in amino acid sequences in the growth factor domain of UPA between various species to construct a human UPA variant that does not bind to the human UPAR. We substituted Asn22 for its mouse equivalent Tyr by site-directed mutagenesis. This mutant UPA had similar plasminogen activator characteristics as wild-type UPA, including its specific activity and interaction with plasminogen activator inhibitor-1. However, no UPA/UPAR complexes could be observed in cross-linking experiments using DFP-treated 125 I-labeled mutant UPA and lysates of various cells, including U937 histiocytic lymphoma cells, phorbol myristate acetate-treated human ECs, and mouse LB6 cells transfected with human UPAR cDNA. In direct binding experiments, DFP-treated 125 I-labeled mutant UPA could not bind to phorbol myristate acetate-treated ECs, whereas wild-type UPA did bind. Furthermore, a 25-fold excess of wild-type UPA completely prevented the binding of DFP-treated 125 I-labeled wild-type UPA to the human receptor on transfected LB6 cells, whereas an equal amount of mutant UPA had only a very small effect. In ligand blotting assays, very weak binding of mutant UPA to human UPAR could be observed. Changing Asn22 into the other amino acid residues alanine or glutamine had no effect on binding to UPAR on human ECs. The functional integrity of the growth factor domain in the non-receptor binding Asn22Tyr mutant is suggested by the fact that binding of this mutant to a murine UPAR can be restored after additional mutations in the growth factor domain, Asn27,His29,Trp30 to Arg27,Arg29,Arg30. We conclude that Asn22 and Asn27,His29,Trp30 in human UPA are key determinants in the species-specific binding of the enzyme to its receptor and that changing Asn22 into Tyr results in a UPA mutant with strongly reduced binding to UPAR. (Arterioscler Thromb Vasc Biol. 1998;18:693-701.)
I-labeled mutant UPA could not bind to phorbol myristate acetate-treated ECs, whereas wild-type UPA did bind. Furthermore, a 25-fold excess of wild-type UPA completely prevented the binding of DFP-treated 125 I-labeled wild-type UPA to the human receptor on transfected LB6 cells, whereas an equal amount of mutant UPA had only a very small effect. In ligand blotting assays, very weak binding of mutant UPA to human UPAR could be observed. Changing Asn22 into the other amino acid residues alanine or glutamine had no effect on binding to UPAR on human ECs. The functional integrity of the growth factor domain in the non-receptor binding Asn22Tyr mutant is suggested by the fact that binding of this mutant to a murine UPAR can be restored after additional mutations in the growth factor domain, Asn27,His29,Trp30 to Arg27,Arg29,Arg30. We conclude that Asn22 and Asn27,His29,Trp30 in human UPA are key determinants in the species-specific binding of the enzyme to its receptor and that changing Asn22 into Tyr results in a UPA mutant with strongly reduced binding to UPAR. (Arterioscler Thromb Vasc Biol. 1998;18:693-701.) Key Words: urokinase-type plasminogen activator Ⅲ urokinase-type plasminogen activator receptor Ⅲ site-directed mutagenesis L imited proteolytic degradation of the surrounding extracellular matrix is an important step in cell migration during tissue remodeling and invasion. Several proteolytic systems are thought to play a role in these processes, including the plasminogen activation system and the matrix metalloproteinases. At least two distinct plasminogen activators have been described in eukaryotic cells: tissue-type plasminogen activator and UPA. UPA is thought to play a major role in local pericellular proteolysis, since it can bind to a specific cell surface receptor, the UPAR. [1] [2] [3] The human UPAR has been cloned. 4 It has a molecular weight of Ϸ55 to 65 kDa 5 and its structure is related to that of members of the Ly-6 superfamily. UPAR consists of three internally homologous domains of Ϸ90 amino acids each, with a characteristic pattern of Cys residues. 6 UPAR is linked to the cell membrane via a glycosylphosphatidylinositol anchor attached to the C-terminal hydrophobic domain. 7 Although it is not yet known exactly which structural elements of UPAR participate in the interaction with UPA, it is clear that the NH 2 -terminal domain I of UPAR has a primary role in this binding. However, interaction with the other two domains, II and III, is required for high-affinity binding of UPA. 8 UPA can bind to the UPAR in either its inactive proenzyme form (pro-UPA) or active two-chain form without affecting its proteolytic activity. 9 Binding of UPA to its receptor localizes the proteolytic activity to the cell surface. Moreover, the UPA activity may be focused at specific areas of the cell surface due to polarized expression of the UPAR. 10, 11 In addition, it has been reported that UPA, by binding of UPA or its fragments to the UPAR, is involved in cell signaling pathways [12] [13] [14] and cellular adhesion. 15, 16 Binding of UPA to its receptor and subsequent UPAmediated pericellular proteolysis are involved in many process in which cell migration occurs, including tumor cell invasion, 1 monocyte infiltration, 11 and migration of vascular cells in arterial remodeling. 17 In vitro studies have shown that migration of smooth muscle cells can be reduced by inhibition of plasminogen activation, 18 by inhibition of UPA activity, and by interfering with the binding of UPA to its receptor. 19 On migrating vascular smooth muscle cells, UPARs are polarized after injury in vitro. 20 Also, in other vascular cells, ie, monocytes 11, 21 and ECs, [22] [23] [24] migration and invasion into fibrin require UPA and UPAR. The increased expression of UPA and UPAR in human atherosclerotic plaque [25] [26] [27] and in arterial aneurysms 28 adds to the suggestion that UPA activity may also be involved in vascular remodeling in vivo. This suggestion is further strengthened by the observation that in UPA-deficient mice, intimal thickening after vascular trauma is markedly reduced. 29 Mice deficient in UPAR, however, do not show reduced neointima formation after vascular trauma, 30 in contrast to what was anticipated on the basis of experiments with cultured smooth muscle cells 19, 20 and ECs [22] [23] [24] and on the observation that in peritoneal macrophages derived from UPARdeficient mice, the normally occurring stimulation of plasminogen activation at the cell surface 31, 32 does not occur. 33 These phenomena indicate once more that the role and function of the UPA/UPAR interaction in vascular remodeling are not fully understood and need further analysis.
UPA consists of three distinct domains: a region with homology to EGF (referred to as the growth factor domain), a kringle domain, and the serine protease domain. Binding of UPA to the UPAR is mediated by its growth factor domain. Synthetic peptides of human UPA (residues 12 to 32) block the binding of UPA to its receptor. EGF itself, however, does not inhibit UPA binding, suggesting that the region with the highest homology between UPA and EGF, ie, residues 13 to 19 of human UPA, is not directly involved in the binding of UPA to UPAR. 34 This region is thought to be essential for the proper conformation and folding of the EGF-like domains. 35 In the EGF-like domains, the ligand binding sites are usually located in the region corresponding to residues 20 to 30 in UPA, which shares only little homology between the various proteins. The ligand-binding site in EGF itself 36 and in tissue-type plasminogen activator 37 and UPA 8, 34, 38 has been located within this region. The three-dimensional protein structure of the amino-terminal fragment of UPA has been determined. 39 Further analysis of the sites of interaction between the growth factor domain of UPA and the UPAR revealed an important role for amino acid residues Tyr24, Phe25, and Trp30 in its binding to the UPAR. 8, 38 The binding of UPA to its receptor is rather species specific, since human UPA cannot bind to mouse UPAR and vice versa. 40 Moreover, comparison of the species-specific binding of UPA to UPAR with the amino acid sequence of the presumed binding sites in mouse, pig, and human UPA reveals that this species specificity must be mediated by very minor differences in amino acid sequence, most likely at positions 22, 27, 29, and 30, which are structurally close to each other 39 and wherein human and murine UPA have different amino acid residues.
To facilitate understanding of the need and function of the UPA interaction with its receptor in cell migration and vascular remodeling, we constructed a UPA mutant that lacked the capacity to bind to the UPAR but had a minimally changed structural conformation. In this study, we then analyzed the contribution of amino acid residues at position 22 in UPA to the interaction with UPAR.
Methods

Cell Culture
Mouse LB6 cells transfected with the human UPAR under control of the simian virus 40 promoter and expressing human UPAR at their surface have already been described; these were designated clone 19 4 and were kindly provided by Dr F. Blasi (Dept. of Molecular Genetics, DIBIT, Milan, Italy). ECs from HUVs and aortas were isolated by the method of Jaffe et al 41 and characterized as described before. 42 Mouse resident peritoneal macrophages were collected from BALB/c mice as described. 40 CHO cells 43 and the human cell lines WISH, 44 HeLa (cervix carcinoma), 40 U937 (histiocytic lymphoma), 45 HT29 (colon carcinoma), 45 HT1080 (fibrosarcoma), 45 and BLM (melanoma) 46 have been described previously. The human osteosarcoma cell line Saos2.M1 was kindly provided by Dr C. Löwik (Dept of Endocrinology, Leiden University Medical Center, Leiden, the Netherlands). A murine endothelioma cell line derived from UPA-deficient mice 47 was kindly provided by Dr E. Wagner (Research Institute of Molecular Pathology, University of Vienna, Vienna, Austria).
All cell lines were cultured in Dulbecco's modified Eagle's medium supplemented with 10% (vol/vol) heat-inactivated fetal calf serum, 2 mmol/L glutamine, 100 U/mL penicillin, and 100 g/mL streptomycin. LB6 clone 19 and transfected CHO cells were cultured in medium containing 0.8 and 1.0 g/L geneticin, respectively. The ECs were grown on fibronectin-coated tissue culture dishes in medium 199, supplemented with 10% (vol/vol) human serum, 10% (vol/vol) heat-inactivated newborn calf serum, 5 U/mL heparin, 2 mmol/L glutamine, 150 g/mL crude EC growth factor, 100 U/mL penicillin, and 100 g/mL streptomycin. All cells were grown at 37°C in a humid atmosphere with 5% (vol/vol) CO 2 . tution in the adjacent Ser codon, thereby creating a new TaqI site. The oligonucleotide used to generate a triple mutation in murine UPA changing Arg 27,29,30 into Asn27,His29,Trp30 was 5Ј-CAAGTACTTCTCCAACATTCACTGGTGCAGC. The resulting mutant lost the EcoRI site at position 203 of murine UPA. The mutants were identified by restriction analysis and confirmed by sequencing the entire inserts, which were then reintroduced in the murine expression vector pSPHSneo. 50 Transfection of WISH cells, which do not produce detectable amounts of plasminogen activators or their inhibitors, selection of UPA-producing clones, and analysis of the conditioned media were performed as described. 44 
Binding of Wild-Type and Mutant Murine UPA to Human and Murine Cells
Mouse resident macrophages and human HeLa cells were seeded at low density and incubated with culture media from transfected WISH cells containing the various UPA proteins at 0.6 U/mL (Ϸ1 nmol/L), and cell-associated activity was revealed by the single-cell proteolytic plaque assay as described before.
40
Construction of Human UPA Expression Plasmid
The complete protein-coding region of human UPA cDNA was isolated from polyA ϩ mRNA from the UPA-producing fibrosarcoma cell line HT1080 45 by reverse transcriptase and PCR. The oligonucleotides 5Ј-TAGCGCCCCGGGCTCGCCACCAT and 5Ј-ACGGGTCTGGGGAGACCGGT were used as primers to amplify a cDNA fragment spanning nucleotides 99 to 1620 in human UPA cDNA. This fragment was cloned into the eukaryotic expression plasmid pEV2tPA 51 by replacing the tissue-type plasminogen activator cDNA fragment. To accomplish this task, pEV2tPA was digested with BglII, and the UPA cDNA fragment was cloned into the pEV2 vector using the specific linker oligonucleotides 5Ј-AGCTTCCCGGGAGGCCTGTCGACA and 5Ј-GATCTGTCGA CAGGCCTCCCGGGA. The DNA sequence of the UPA cDNA cloned into plasmid pEV2UK1.1 was determined by using the T7 DNA polymerase sequence system (Promega) according to the chain-termination procedure of Sanger et al.
52
Site-Directed Mutagenesis of Human UPA by Recombinant PCR
Construction of Human Asn22Tyr UPA
The UPA molecule was site-specific mutated according to the recombinant circle PCR method as described by Jones and Howard. 53 The primers used to introduce the mutation UPA Asn22Tyr into the expression plasmid of UPA (pEV2UK1.1) were 5Ј-CATGTGTGTC CTACAAATACTTCTCCAACA (UK.1, top strand; positions 229 to 258 of human UPA cDNA), 5Ј-TTTAGACAGTCACAGTTCGA (UK.2, bottom strand; positions 201 to 220), 5Ј-AGAAGTATTTG TAGGACACACATGTTCCTC (UK.3, bottom strand; positions 223 to 252), and 5Ј-CGGAGGGCAGCACTGTGAAA (UK.4, top strand; positions 287 to 306). The italicized nucleotides are the mutations to be introduced. The AAC-to-TAC mutation (position 240 of the UPA cDNA) changes the Asn at position 22 in UPA into a Tyr, whereas changing AAG to AAA at position 245 does not affect the amino acid sequence but leads to the loss of an ScaI site and simplifies screening. Twenty cycles of the PCR were performed with a Perkin Elmer-Cetus DNA thermal amplifier. To produce the mutant plasmid, equimolar amounts of the different linear PCR products were denatured at 100°C and reannealed in 10 mmol/L Tris-HCl, 1 mmol/L EDTA, and 100 mmol/L NaCl, pH 8.0, by gradually lowering the temperature to 55°C in 2 hours. Escherichia coli JM109 was transformed with the reaction products by using the PEG/DMSO method. 54 The loss of an ScaI restriction site in the mutant plasmid was used for screening.
To verify the presence of the mutation at position 22 of human UPA (from Asn to Tyr) and the absence of other mutations, the DNA sequence coding for the complete growth factor domain of the mutant plasmid was determined by using the T7 DNA polymerase sequence system (Promega) according to the dideoxy chain-termination procedure of Sanger et al.
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Construction of Additional Mutants of Human UPA
The mutations Asn22Ala, Asn22Gln, Asn27Arg,His29Arg, Trp30Arg, and Asn22Tyr,Asn27Arg,His29Arg,Trp30Arg were introduced in the pEV2UK1.1 expression plasmid by using a so-called inverse PCR procedure in which the complete expression plasmid pEV2UK1.1 is amplified by using primers carrying the specific mutations. The primers used to introduce the Asn22Ala mutation were 5Ј GAGAAGTACTT-GGCGGACAC-3Ј (positions 252 to 234, bottom strand) and 5Ј-CAACATTCACTGGTGCAAC-3Ј (positions 253 to 271, top strand). The Asn22Gln mutation was introduced by using the primers 5Ј-GAGAAGTACTTTTGGGACAC-3Ј (positions 252 to 234, bottom strand) and 5Ј-CAACATTCACTGGTGCAAC-3Ј (positions 253 to 271, top strand). The mutations Asn27Arg,His29Arg,Trp30Arg, and Asn22Tyr,Asn27Arg,His29Arg,Trp30Arg were introduced in both wild-type pEV2UK1.1 and Asn22Tyr mutated pEV2UK1.1 by using the primers 5Ј-GTTGCACCGGCGAATGCGGGAGAAG-3Ј (positions 271 to 241, bottom strand) and 5Ј-TGCCCAAAGAAATTCG GAG-3Ј (positions 272 to 291, top strand). After PCR (Expand Long Template, Boehringer Mannheim), the products were ligated and JM109 was transformed with the reaction products as described above. The presence of the mutations was verified by sequencing of the growth factor domain as described above.
Transfection of CHO Cells With Mutant Human UPA
CHO cells were transfected with the mutant plasmid by calcium phosphate coprecipitation as previously described, 55, 56 with 20 g/mL plasmid DNA and 2 g/mL pSV2neo, a plasmid containing the neomycin resistance gene under control of a simian virus promoter. After transfection, the cells were incubated in medium containing geneticin (1 g/L) to select for transfected cells. Transformed neomycin-resistant cell lines were tested for their UPA production with a UPA ELISA or fibrin zymography.
Purification of Mutant Human UPA
A transfected CHO cell line with high mutant UPA production was selected and grown in Dulbecco's modified Eagle's medium in a roller bottle. Mutant UPA was collected in serum-free medium for 48 hours; this step was repeated several times. The mutant UPA was purified from conditioned media by immunoaffinity chromatography as described previously, 56 with a 500-L aliquot of anti-human UPA monoclonal antibody (1 mg/mL in PBS) coupled to Sepharose (No. 396, American Diagnostica Inc, kindly provided by Dr R. Hart).
UPA ELISA and UPA Activity Assay
Antigen levels of mutant UPA were determined with a sandwich ELISA. 57 The activity of the purified mutant UPA was determined with a spectrophotometric assay using the chromogenic substrate S-2444 (Chromogenix). In brief, a 1000-fold dilution of purified mutant UPA was converted to the active two-chain form by activation with 0.2 mol/L plasmin for 1 hour at 37°C. In a final volume of 250 L, 0.1 mol/L Tris, 0.01% (vol/vol) Tween-80, pH 7.4, 50 L activated sample, 100 U/mL aprotinin, and 0.4 mmol/L S-2444 were mixed. The samples were incubated at 37°C and at regular intervals, the absorbance at 405 nm was measured. Plasminogen activation activity was determined by calculating the change in absorbance with incubation time. Activities were converted into IU of UPA by using a reference line prepared with a standard preparation of UPA (a specific activity of 1ϫ10 5 IU/mg UPA was assumed, World Health Organization preparation c66/46 58 ). A spectrophotometric assay with the chromogenic substrate S-2251 and plasminogen as described 59 was used to measure UPA activity. 
Western Blotting
For nonradioactive analysis of UPA/UPAR complexes, 10 L of extracts of LB6 clone 19 cells was incubated with 0.1 g/mL DFP-treated wild-type or mutant UPA for 1 hour at 4°C. Samples were cross-linked with DSO as described above. Samples were subjected to SDS-PAGE and subsequently blotted to a nitrocellulose membrane in 25 mmol/L Tris, 200 mmol/L glycine, 1% (vol/vol) SDS, and 20% (vol/vol) methanol by using a semi-dry blotting device (Pharmacia). The membrane was incubated overnight in 20% (wt/vol) nonfat dry milk in PBS. UPA was visualized by the use of rabbit anti-human UPA polyclonal antibodies 57 and a BM chemoluminescence western blot kit (Boehringer Mannheim) according to the manufacturer's protocol.
For ligand blotting, cell extracts of LB6 clone 19 HUVECs or murine endothelioma cells incubated with medium supplemented with 10 nmol/L PMA for 18 hours, were subjected to SDS-PAGE electrophoresis and blotted to a nitrocellulose membrane as described. The membranes were incubated with 4 nmol/L wild-type or mutant UPA in 1% (wk/v) nonfat dry milk in PBS for 2 hours at room temperature. The bound UPA was visualized after incubation with rabbit anti-human UPA polyclonal antibodies 57 and a BM chemoluminescence western blot kit as described above.
UPA Binding Assay
The binding of wild-type UPA or Asn22Tyr UPA to ECs (HUVECs) was determined. Before the start of the experiment, the cells were incubated with medium supplemented with 10 nmol/L PMA for 18 hours to increase UPAR expression. 60 Before binding analysis, the cells were treated with 50 mmol/L glycine-HCl buffer (pH 3.0) for 10 minutes to remove endogenous UPA. Subsequently the cells were washed twice with ice-cold medium and incubated with increasing concentrations (0.5 to 16 nmol/L) of 125 I-labeled DFP-treated UPA or mutant UPA in EC-conditioned medium for 3 hours on ice. Incubation was performed in EC-conditioned medium to exclude the binding of UPA to cell-associated PAI. In parallel incubations, a 25-fold excess of unlabeled UPA was included to assess nonspecific binding. Unbound ligand was removed by extensive washing with 0.03% (wk/v) human serum albumin in PBS. Cell-bound ligand was solubilized with 0.3 mol/L NaOH, and the radioactivity was determined. Specific binding was calculated by subtracting nonspecific binding from total binding. 40 have studied this species specificity for human, porcine, and mouse UPA by using human HeLa cells, murine peritoneal macrophages, and porcine kidneyderived LLC-PK 1 cells. Human UPA can bind to both human and porcine cells. Mouse UPA can bind to murine and porcine cells. Porcine UPA, however, can bind to mouse and porcine cells only and not to human cells. This finding indicates that the nonconserved amino acid residues, which differ between the mouse and the pig (ie, 14, 18, 27, and 29) are most likely not involved in the species specificity of binding. The residues that are identical between mice and pigs but differ from human UPA (ie, 12, 22, 30, and 32) may determine why porcine and murine UPA cannot bind to the human UPAR. By using competing peptides based on the sequence of EGF, Appella et al 34 have demonstrated that region 12 to 19 of UPA, which shares the highest homology with EGF, is not involved in UPAR binding. This leaves three residues in region 20 to 32 in human UPA as candidates for mutation: Asn22, Trp30, and Asn32, to construct a nonreceptor-binding UPA that most likely will be without major structural changes in the growth factor domain.
Results
Sequence
Binding of Mouse UPA Mutants to Murine and Human Cells
Binding of mouse UPA mutants to murine resident macrophages and human HeLa cells was used to further analyze the residues involved in UPAR binding. For mouse UPA, a change of Tyr22 to the human equivalent Asn (N-RRR mUPA) resulted in a severe reduction of binding to mouse UPAR on mouse macrophages (Fig 1) without gaining the capacity to bind to human UPAR on human HeLa cells, whereas the triple mutation Arg27,Arg29,Arg30 to the human equivalents Asn,His,Trp (Y-NHW mUPA) abolished binding to both mouse and human UPAR (Fig 1) . Wild-type mouse UPA did not bind to human cells and wild-type human UPA as well as mutant UPA containing all human equivalents, ie, Asn22,Asn27,His29,Trp30 (N-NHW mUPA), did not bind to the murine cells. These data show that the combination of the (murine) Tyr residue at position 22 with the (human) Asn, His, and Trp residues at positions 27, 29, and 30 results in a UPA molecule that binds to neither mouse nor human UPAR. By combining these data, it appears that changing Asn22 to Tyr in human UPA is the most promising approach to construct a nonreceptor-binding human UPA.
Production, Purification, and Characterization of Human Asn22Tyr UPA
The Asn22Tyr UPA plasmid was transfected into CHO cells by the calcium phosphate precipitation method. Geneticin-resistant clones were isolated and UPA production analyzed by ELISA. The clone producing the highest amounts of Asn22Tyr UPA was subsequently cultured in roller bottle cultures and produced Ϸ7 g UPA/mL in 48 hours. This Asn22Tyr UPA was isolated from the medium with affinity chromatography by using immobilized monoclonal antibodies against human UPA. 20 30
Amino Acid Sequence of Residues 12-32 of Human UPA and the Corresponding Residues in Murine UPA and Porcine UPA
Nonidentical residues between species are underlined.
The molecular characteristics of the Asn22Tyr UPA were analyzed and compared with wild-type UPA (Ukidan). The change of amino acid 22 from Asn to Tyr did not affect the proteolytic activity or the electrophoretic mobility in SDS-PAGE gels, since both wild-type and Asn22Tyr UPA showed lysis zones at similar positions in zymography experiments after SDS-PAGE (data not shown). Quantitative analysis of Asn22Tyr UPA revealed a specific activity, calculated as enzyme activity per amount of UPA, of 0.7Ϯ0.1 IU/10 ng. The specific activity for the international standard UPA (World Health Organization preparation c66/46) is defined as 1 IU/10 ng.
Analysis of the interaction with PAI-1 showed that PAI-1 was able to inhibit wild-type and mutant UPA at identical rates. The inhibition rate constant was calculated from the time course of inhibition of wild-type UPA and plasmin-activated mutant UPA by PAI-1 at equal molar concentrations of enzyme and inhibitor. 61 The k values for inhibition of UPA were calculated from the slopes ([E 0 ]ϫk) of the curves and were 3.3Ϯ0.4ϫ10 6 
Binding Characteristics of Human Asn22Tyr UPA
Lysates of different cells, known to express UPAR, were incubated with comparable amounts of DFP-treated 125 Ilabeled wild-type UPA and Asn22Tyr UPA. Incubation of 125 I-labeled DFP-treated Asn22Tyr UPA did not result in formation of UPA/UPAR complexes in any of the cell lines after cross-linking. After incubation with DFP-treated 125 Ilabeled wild-type UPA, UPA/UPAR complexes were detectable in all cell lines except the osteosarcoma cell line Saos2.M1, although the intensity of the signal differed in the various cell lines (Fig 2) . The most prominent complex band could be observed in LB6 clone 19, a mouse cell line in which human UPAR cDNA is cloned, and BLM-and PMA-treated human aorta endothelial cells. These results indicate that the mutated UPA is no longer able to form stable complexes with human UPAR.
Human UPA Binding to ECs
Quantitative analysis of the binding of wild-type or Asn22Tyr UPA to PMA-treated HUVECs demonstrated that Asn22Tyr UPA was not able to bind to HUVECs, even at concentrations of 16 nmol/L, whereas wild-type UPA could bind in a specific way. The binding parameters indicate Ϸ5.5ϫ10 (Fig 3) .
Competition of Binding With Unlabeled Asn22Tyr Human UPA
The cross-linking and binding studies were all performed with radiolabeled UPA and Asn22Tyr UPA. The mutation of Asn22 to Tyr introduces an extra Tyr in the binding region of UPA, which might become iodinated during the labeling procedure. To study whether radiolabeling UPA or Asn22Tyr UPA affected the binding characteristics of the molecules, cross-linking experiments were performed in the presence of excess unlabeled wild-type UPA and Asn22Tyr UPA with lysates of LB6 clone 19 cells. Excess unlabeled wild-type Figure 1 . Binding of wild-type and mutant murine UPA to human and murine cells. Mouse resident macrophages (mouse cells) and human HeLa cells (human cells) were seeded at low density and incubated with culture media containing the various UPA proteins at 0.6 u/mL (Ϸ1 nmol/L for murine UPA and 0.1 nmol/L for human UPA due to differences in specific activity) as described, and cell-associated activity was revealed by the single-cell proteolytic assay. 40 Ϫ Indicates no additives; mUPA, wild-type murine UPA; hUPA, wild-type human UPA; Y-NHW mUPA, triple mutation in murine UPA changing Arg27,29,30 to Asn27,His29,Trp30, which prevents binding to both human and murine cells; N-RRR mUPA, single Tyr22 to Asn mutation, which severely decreases binding to murine cells without allowing binding to the human UPAR; and N-NHW mUPA, quadruple mutation, which confers binding to the human UPAR. UPA completely inhibited binding of 125 I-UPA to UPAR, whereas excess Asn22Tyr UPA prevented this binding only to a small extent (Fig 4) .
To study the binding of unlabeled UPA to its receptor, lysates of LB6 clone 19 cells were incubated with unlabeled DFP-treated wild-type UPA or Asn22Tyr UPA (2 nmol/L). After cross-linking, the complexes of UPA and UPAR were analyzed by gel electrophoresis and blotting with anti-UPA antibodies. As shown in Fig 5, no UPA/UPAR complexes were detected when no cross-linking was performed. After cross-linking, the complex between wild-type UPA and UPAR was observed clearly. For Asn22Tyr UPA, hardly any UPA/UPAR complexes were observed. These data confirm that unlabeled Asn22Tyr UPA has a severely impaired binding to UPAR (Fig 5) .
Ligand Blotting
In many analyses of UPA binding to its receptor, crosslinking with DSO was crucial to detect the UPA/UPAR complexes. To exclude the possibility that differences in cross-linking behavior between wild-type and Asn22Tyr UPA led to decreased interaction with the receptor, binding of UPA to its receptor was also studied by ligand blotting. Nitrocellulose blots containing lysates of LB6 clone 19 cells were incubated with wild-type or Asn22Tyr UPA. Wild-type UPA could bind specifically to a protein of Ϸ50 to 55 kDa, similar to the molecular weight of the UPAR. Only very weak binding of Asn22Tyr UPA could be observed with the highest concentration of cell lysate (Fig 6) . This indicates that the impaired binding of Asn22Tyr UPA is not due to the cross-linking procedure.
Additional Mutations of Asn22 in Human UPA
The above-mentioned data provide ample evidence that the mutation Asn22Tyr in human UPA results in disturbed binding to the human UPAR. To analyze the specificity of this mutation, the effect of other amino acid residue substitutions at position 22 in human UPA was studied. We made other mutants in which Asn22 was substituted with either Ala or Gln. Subsequently, the binding of these mutants to the UPAR on PMA-treated HUVECs was tested by using ligand blotting. Lysates of PMA-treated HUVECs were blotted to nitrocellulose, and these filters were subsequently incubated with wild-type, Asn22Tyr, Asn22Ala, or Asn22Gln UPA. The mutants Asn22Ala and Asn22Gln could bind to the UPAR on HUVECs in a fashion similar to that of wild-type UPA, in contrast to Asn22Tyr that did not bind to the UPAR on PMA-treated HUVECs (Fig 7) .
Conversion of Species-Specific Binding of Human UPA to UPAR
A possible explanation for the disturbed binding of Asn22Tyr UPA might be that by this specific mutation, the conformation of the specific binding domain of UPA was altered or even severely disturbed. To demonstrate that the possible alteration in structural conformation of the growth factor domain of UPA was minimal, additional mutations in both Asn22Tyr and wild-type UPA were made. The amino acid residues Asn27,His29,Trp30 were altered into Arg27,Arg29,Arg30, the murine equivalents.
Binding of the various UPA mutants to the UPAR on PMA-treated human ECs or murine endothelioma cells was analyzed by ligand blotting (Fig 8) . Wild-type UPA, Ala22 UPA, and Gln22 UPA could bind to human UPAR but not to murine UPAR. Tyr22 and Arg27,29,30 UPAs could not bind to either human or murine UPAR, whereas Tyr22,Arg27,29,30 UPA bound to the murine UPAR only. These data indicate that the species specificity of binding can be converted by additional mutations in human Asn22Tyr UPA, as also has been shown for murine UPA (Fig 1) , suggesting that putative conformational effects of this specific Asn22Tyr mutation can be easily compensated for by additional mutations in the growth factor domain.
Discussion
For analysis of the need and function of the UPA/UPAR interaction in cell migration and tissue remodeling processes, a better understanding of the UPA/UPAR interaction is necessary. Therefore, we made a mutant of human UPA (Asn22Tyr) that had strongly reduced binding to its receptor but was not affected in any other characteristics of UPA.
Analysis of the residues possibly involved in UPAR binding was first performed by using mouse UPA mutants. For mouse UPA, the triple mutation Arg27,Arg29,Arg30 to the human equivalents Asn, His, Trp (Y-NHW mUPA) abolished binding to both mouse and human UPAR (Fig 1) . Changing both Tyr22 to Asn and Arg27,Arg29,Arg30 to Asn, His, Trp (N-NHW mUPA) resulted in a mouse UPA that could bind to the human UPAR, indicating that no major conformational changes are introduced by these mutations in the growth factor domain. These data show that the combination of the (murine) Tyr residue at position 22 with the (human) Asn, His, and Trp residues at positions 27, 29, and 30 results in a UPA molecule that binds to neither mouse UPAR nor human UPAR. Therefore, the most likely candidate for mutagenesis in human UPA to create a mutant human UPA that will not bind to the human UPAR is Asn22.
By the use of site-directed mutagenesis, an expression plasmid encoding a human UPA mutant (Asn22Tyr) UPA was constructed. The mutant UPA was produced in CHO cells, and we demonstrated that the Asn22Tyr mutation introduced in UPA did not affect its properties as a plasminogen activator.
No binding of radiolabeled DFP-treated Asn22Tyr UPA to cells or cell extracts could be observed using cross-linking analysis and direct cell-binding assays. Although these data suggest that the Asn at position 22 plays a crucial role in the binding of human UPA to its receptor, the possibility could not be excluded that the reduced binding of Asn22Tyr UPA was due to specific radiolabeling of the newly introduced Tyr22 in Asn22Tyr UPA. Therefore, experiments were performed in which the binding of wild-type UPA to its receptor was competed with an excess of unlabeled wild-type or Asn22Tyr UPA. From these experiments, it can be concluded that unlabeled Asn22Tyr UPA has severely impaired binding to UPAR. However, binding of Asn22Tyr UPA to UPAR may not be completely absent, since it was found that excess mutant UPA slightly inhibited binding (Fig 5) . Mutant UPA was found to bind very weakly to lysates of LB6 clone 19 cells, blotted onto nitrocellulose, whereas wild-type UPA bound very strongly to these lysates. From these data, is not clear whether it is crucial for the binding to human UPAR to have an Asn residue at position 22 or not to have a Tyr residue at this position. For that reason, Asn22 in human UPA was substituted by an Ala or Gln residue. These mutant forms of UPA had normal binding characteristics for human UPAR (Fig 7) , which indicates that the observed disturbed binding in Asn22Tyr UPA was due to the specific presence of a Tyr residue at position 22.
Putative major conformational effects of the presence of a Tyr residue at position 22 in the growth factor domain of human UPA were excluded by conversion of the species specificity of the human Asn22Tyr UPA mutant by additional mutations at residues Asn27, His29, and Trp30. After substitution of these residues by their murine counterparts Arg27,29,30, Asn22Tyr UPA could bind to the murine UPAR (Fig 8) . In a similar way, the species specificity of UPAR binding of murine UPA was converted to human UPAR by mutation of Tyr22Asn in combination with Arg27,AsnArg29,HisArg30,Trp. This shows that putative conformational changes introduced in the growth factor domain by the presence of a Tyr residue at position 22 can readily be compensated for by additional changes in the growth factor domain. This indicates that the conformation is not severely disturbed by the introduction of a Tyr residue at position 22 of human UPA.
The mutants UPA described herein might provide powerful tools for further investigations of the mechanisms involved in the interaction of UPA and UPAR in vitro and in vivo.
